Visual evoked potentials to pattern reversal (PR-VEPs) are used to assess the integrity and maturation of the visual pathways in infants and young children. To establish normal ranges and to facilitate interpolation, we consider the maturation rate of PR-VEPs using published normative data. Curves based on the logistic function (a sigmoid model) are introduced and compared with three other models: (1) the power law function; (2) the sum of two decaying exponentials; and (3) a two-stage linear model. Although methods vary somewhat, remarkable consistency among laboratories is found for the maturation of the major positivity (P 1 ) of PR-VEP. The P 1 occurs at approximately 260 ms in neonates and is quite variable. It matures rapidly before 12 -14 weeks of age and becomes much less variable. The logistic model provides a parsimonious description of P 1 maturation with most rapid maturation at around 6 weeks of age for large patterns and around 9 weeks for small patterns. As inter-laboratory agreement is generally good, the normal ranges based on this model could be used in centres, which do not have their own normative databases for infant VEPs.
Introduction
Visual evoked potentials are widely used to assess the integrity and maturation of the visual system in infants and young children (Mellor & Fielder, 1980; Skarf, 1989; Taylor & McCulloch, 1992; . Counterphase patterns, usually checkerboards, are the standard stimuli used to produce pattern reversal VEPs (PR-VEPs) (Harding, Odom, Spileers & Spekreijse, 1996) . The most consistent feature of the PR-VEP is the major positive peak (P 1 ) at about 260 ms in neonates 1 . The P 1 peak latency shifts to around 100 ms before 6 months of age (Moskowitz & Sokol, 1983; McCulloch & Skarf, 1991) . This maturation of the pattern reversal P 1 is very rapid in the first few months of life and proceeds much more slowly thereafter.
A prolonged P 1 peak latency can reflect the presence and severity of conditions such as amblyopia, delayed visual maturation and other forms of visual impairment (Arden & Barnard, 1979; Mellor & Fielder, 1980; Sokol, 1983; Skarf, 1989; Taylor & McCulloch, 1992; Mackie, McCulloch, Saunders, Ballantyne, Day & Bradnam et al., 1995) . In contrast, the amplitude of P 1 has more limited clinical utility. Amplitude has large variations among individuals and both artifact and inattention can degrade amplitude (Cigánek, 1969; Sokol & Jones, 1979) .
To assess clinical cases, P 1 peak latency must be compared with established normal ranges. If the standard requirements for adult VEP norms is applied, each individual laboratory should test at least 20 individuals within each comparable age range (American EEG Society, 1984; Harding et al., 1996) . For infants less than 4 months of age, a significant maturation of the P 1 peak occurs within less than 2 weeks. Thus, the collection of sufficient normative data for each comparable age range is impractical.
In the present paper we consider two practical approaches to the problem of establishing normal ranges for infant VEPs: First, we compare published data to determine whether good inter-laboratory agreement can be demonstrated. Second, models for interpolation between ages are evaluated to determine whether normal ranges for P 1 can be calculated using fewer normal subjects.
Maturation of P 1 is dependent on morphological and biochemical maturation within the cortex to the level of second and third order neurons as well as maturation along the primary visual pathway from retina to cortex (Schroeder, Teneke, Givre, Arezzo & Vaughn, 1991) . The present approach aims to provide a useful clinical description, as our present understanding of the processes underlying PR-VEP maturation in the human is not sufficient to develop a physiological model.
Maturation of the PR-VEP peak latency
Variation in stimulation and recording methods has been cited as the reason that normative data may not be comparable among different laboratories (American EEG Society, 1984; Harding et al., 1996) . Potential sources of inter-laboratory variation include reversal rate, pattern size, brightness, field size, electrode locations and band pass filtering. The published data considered here to assess inter-laboratory agreement is from laboratories which used broadly similar methods. Specifically, infant VEP studies were included if they employed abrupt pattern reversal presented on video monitors (average luminance 43-100 cd/m 2 ), with high contrast (]50%), visual field sizes of ] 12°and an active occipital electrode (1-2.5 cm above the inion).
Large patterns
Eight published reports of PR-VEPs using large pattern elements in young full term or preterm infants were evaluated. These 'large' pattern elements ranged from 50 to 163 min of arc (fundamental spatial frequencies of 0.26-0.84 cpd). Contrast ranged from 50 to 95%. Fiorentini and Trimarchi (1992) used gratings (0.5 cpd) while all of the other studies used checkerboard stimuli. The data from these eight independent laboratories is superimposed in Fig. 1 . Inter-laboratory agreement, as illustrated, is very good and a clear pattern of rapid P 1 maturation before 15 weeks of age followed by much more gradual change is demonstrated.
The broad agreement shown in Fig. 1 masks the expected systematic differences among the studies. The Fig. 1 . Reported peak latencies for P 1 of the PR-VEP to large patterns is shown for infants under 40 weeks of age (corrected for prematurity). Small symbols indicate individual infants and large symbols show mean and standard deviation for groups. Standard deviation for the adult group (A) is 94.2, less than the dimensions of the letter. For each study the element width, mean luminance and contrast, respectively were: Moskowitz and Sokol, 1983 ; 48% or 60%, 79 cd/m 2 and 84%; Aso et al., 1988; 50%, TV and B&W; Birch et al., 1990; 107%, TV and B&W; Porciatti, 1984 ; 60%, 72 cd/m 2 , and 84%; Harding et al., 1989; 120', TV and 78%, McCulloch & Skarf, 1991; 120%, 55 larger stimulus sizes produced slightly shorter P 1 peak times (McCulloch & Skarf, 1991; Crognale, Kelly, Chang, Weiss & Teller, 1997) and this was significant for infants greater than 15 weeks of age (two way ANOVA study and age group versus P 1 , post hoc testing using Fisher's protected least significant difference (PLSD) P B0.01). The study with the lowest contrast produced longer P 1 values compared with most other studies (Fiorentini & Trimarchi, 1992) . This difference was significant after 10 weeks of age (Fisher's PLSD, P B 0.01). Two unexplained differences among laboratories were also found. The subjects of Porciatti (1984) gave longer P 1 values between 6 and 8 weeks of age than all other studies of infants in this age range (Fisher's PLSD PB0.01). Aso, Watanabe, Negro, Takaetsu, Furune and Takahashi et al. (1988) found longer P 1 peak times between 15 and 19 weeks of age than those of comparable studies (Fisher's PLSD P B 0.01). Both of these groups used high contrast checks with check widths of 60 and 50 min of arc, respectively. All of the other data illustrated in Fig. 1 do not differ significantly (two way ANOVA).
Small patterns
Several laboratories have reported infant PR-VEPs for stimuli with small pattern elements (Moskowitz & Sokol, 1983; Porciatti, 1984; Birch, Birch, Petrig & Uauy, 1990; McCulloch & Skarf, 1991) . No data for small checks are available for very young and premature infants because VEPs to small patterns are not usually recordable before 8 -10 weeks post term age (McCulloch & Skarf, 1991) . Available data for smaller patterns give consistently longer P 1 peak times with a similar pattern of maturation as for large patterns: early rapid maturation followed by a more gradual change. As for large patterns, inter-laboratory agreement is good.
Models of maturation for the PR-VEP

Logistic function models
Sigmoid curves, having two horizontal asymptotes and a smooth, symmetric, transition between them are commonly used to describe developmental and perceptual processes. The P 1 data illustrated in Fig. 1 suggests that a single sigmoid curve might describe P 1 maturation throughout development. The logistic function is the simplest sigmoid curve which satisfies the logistic differential equation: dy/dx =Ay(B − y) (Arya & Lardner, 1979) . By appropriate change of variable, we define the logistic curve for P 1 as follows:
where P 0 is the upper 'prenatal' asymptote, P is lower 'adult' asymptote, A trans is the age at the midpoint of the transition, M trans is a shape parameter related to the 'steepness' at A trans (slope=(P− P 0 )= 2*M trans ) and age is measured from term age birth. Porciatti, Vizzoni and von Berger (1982) and Harding, Grose, Wilton and Bissenden (1989) who studied very young infants and premature infants, respectively, reported that the P 1 peak time decreases linearly with a slope of − 7 to 10 ms per week. Linear interpolation is useful over small age intervals but it clearly cannot be applied over the entire period of early maturation. A two-stage linear model was evaluated based on the assumption that maturation of P 1 proceeds at a rapid linear rate in young infants and that there is an abrupt transition to a slower rate of maturation, at some later age. Five parameters, the slopes and y-intercepts for the early and late regression lines and an age of intersection for the two lines define this two-stage model.
Linear models
Power law models
Maturation of P 1 peak time has been represented by a power law curve (Moskowitz & Sokol, 1983; McCulloch & Skarf, 1991) of the form:
with parameters A, B and C. Age is measured from term age birth.
Sum of decaying exponentials models
Eggermont (1988) described a general model for the rate of maturation of sensory evoked potentials, which is based on the sum of decaying exponentials. To accommodate prenatal maturation, age is expressed as post conceptual age (C age ) and P 1 peak times are expressed as a difference from adult mean values (P 1infant − P 1adult ) as follows:
where T n values are the time constants (i.e. the reciprocal of the slopes of semi log functions) and a n values are the y-intercepts (difference from adult value when C age = 0). The exponential curves are further specified by the 'maturation age', defined as the age at which the exponential curve reaches within 1 ms of the adult value (the x-intercept of the semi-log plot). The PR-VEP data of Moskowitz and Sokol (1983) were modeled by Eggermont (1988) as the sum of two exponentials, a fast process with a maturation age of 25 weeks (65 weeks C age ) and a slow process which continues for several years.
We have used our normative data to test the accuracy of the logistic model for P 1 maturation and compared it with other models of P 1 maturation. We also tested the models for their ability to predict P 1 by extrapolation outside the age ranges for which they were developed.
Methods
The data used to develop and test the models was the P 1 peak latency for binocular PR-VEPs from a previously published normative study of healthy infants (McCulloch & Skarf, 1991) . Briefly, the data were collected as follows: standard binocular PR-VEPs were recorded from 161 infants and toddlers (aged 3 weeks to 24 months) and 10 young adults (aged 19 -30). All subjects were born within 2 weeks of term. The active electrode was placed above the inion by 1 cm in infants and 2 cm in adults with reference and ground electrodes at A1 and A2 (ear lobes). Stimuli were high contrast phase alternating checks of four sizes (15, 30, 60 and 120 min of arc). The time to the P 1 peak was measured from stimulus onset to the peak using the linear average of two trials.
Cur6e fitting procedures
All curve fitting procedures are based on the method of least squares so that the calculated curve gave the minimum residual variance. The optimal single logistic functions (for P 1 versus age) were calculated for each check size (Kaleidagraph, Synergy Software, Reading, PA). Similarly, least squares regression was used to calculate the optimal single power law curve for each size (McCulloch & Skarf, 1991) . For the two-stage linear model, the two regression lines giving the minimum residual variance were calculated iteratively (McCulloch & Skarf, 1993) .
For the decaying exponentials model, a modification of the method of Eggermont (1988) was required. Many infants had P 1 values that were shorter than the adult mean values, resulting in negative values for (P 1infant − P 1adult ). As these negative values preclude fitting an exponential curve, we produced curves which are conceptually similar to Eggermont's curves using the difference between infant P 1 values and the lower limit of normal (P= 0.05) for adult values. Nearly all of the infant data for all check sizes (98.6%) could be included. For illustration and comparison with other models, C age was converted to age after birth and the predicted values for P 1 were expressed in ms after pattern reversal.
The models were evaluated on several criteria. Firstly, the general goodness of fit for all P 1 data was evaluated based on the residual variance and the magnitude of the confidence intervals about the predicted values for each model. Secondly, the accuracy of the predicted values of P 1 within individual age ranges was evaluated for each model. For this, the data was divided into seven age ranges: less than 3 months (3-12 weeks, n= 20); 3 months (12 to B 17 weeks, n= 17); 4 and 5 months (17 to B 27 weeks, n= 21); 6-8 months (27 to B 39 weeks, n= 33); 9-12 months (39 to B52 weeks, n= 19); 12-18 months (52 to B 78 weeks, n= 19); and 18 months to 2 years (78-105 weeks, n= 18). Error scores (P 1 latency minus predicted values) within each age band were compared using separate one-way ANOVAs for each model. Finally, published values of P 1 from other laboratories were compared with the predicted values calculated using each model. Comparisons with published data were made for both premature and full term infants. In most cases published values were used but when necessary, values were estimated from published figures (Porciatti, 1984) .
Results
Logistic function models
The logistic curve gives a good description of the maturation of P 1 peak time. Figure 2 illustrates the best-fit logistic functions for the four different check sizes. The parameters that specify the curves are given in Table 1 . As these curves are based on infants born at term, and tested after 3 weeks of age, calculation of the first parameter, P 0 , the 'prenatal' asymptote is somewhat uncertain (error values 9 12 to 9 33 ms). For the three larger check sizes, P 0 is 259-297 ms and differences among check sizes are not significant (F= 1.16, P\0.25) . For the smallest check size (15 min) the P 0 value is lower but this must be interpreted with caution as the majority of infants less than 8 weeks of age have no reproducible VEP to these small checks. The early part of the curve is therefore biased towards representing the more precocious infants.
The logistic curves for P 1 maturation are similar in similar shape and curvature for all check sizes tested. That is, the parameter M trans does not vary significantly with check size. The adult asymptote, P , shows the expected trend towards longer P 1 peak times for smaller checks. However, for the 30 and 15 min checks, the actual P 100 peak time for the adults was shorter than predicted by the P values. The transitional age, A trans , is the age at the midpoint of the logistic function where P 1 maturation is most rapid. This occurs at 5-7 weeks of age for the larger check sizes. A trans for the smallest checks (15 min) is significantly later, at 9.4 (9 0.79) weeks of age (PB 0.02, .
Logistic curves account for at least 82% of the variance in the P 1 data. These correlation coefficients (r 2 ) and normal ranges for each check size are given in Table 2 . For all check sizes, normal P 1 ranges are within about 20 ms of the logistic curves specified in Table 1 . Fig. 2 . The best fit logistic curves calculated for the P 1 peak as a function of age is shown for 120, 60, 30 and 15 min checks. For clarity, only data for infants less than 40 weeks of age are shown here but curves were calculated using infants aged 3 -105 weeks (McCulloch & Skarf, 1991) . The 95% CI for each curve are approximately 9 20 ms. a r 2 = (total variance of P 1 −residual variance)/total variance. b Accounts for a higher proportion of variance than all other models for all check sizes (PB0.01). c Normal range is the width of the 95% CI for the P 1 data. d Poorer fit than all other models (repeat measures ANOVA using either width of the normal range or the absolute value of error scores, PB0.001).
Other models
All three comparison models also produce a reasonably good representation of the rate of maturation of P 1 . That is, they account for a substantial proportion of the variance in the data (r 2 \0.73, P B 0.001). Table 2 also gives correlation coefficients and normal ranges for each comparison model. For the two-stage linear models, a line of zero slope was found after 14 weeks of age for all but the smallest checks. Table 3 gives the parameters, which specify each line in the two-stage linear models. Parameters for the simple exponential curves have been published previously (McCulloch & Skarf, 1991) .
For the 'sum of decaying exponentials' model, one curve was sufficient for the 120, 60 and 30 min checks (the time constants for the second curves (T 2 ) were not significantly different from a zero (P \ 0.05)). For the 15 min checks, the sum of two curves was used to fit the data. The exponential curves for the 120, 60, 30 and 15 min checks are specified by time constants (T 1 ) of 11.5, 12.4, 14.8 and 18.4 log ms/week and by maturation ages 18.7, 18.8, 18.8, and 17.8 weeks, respectively. The late exponential for the 15 min checks has a time constant T 2 of 5.75 years and a maturation age of 13.5 years.
Consistently accurate estimates of actual P 1 values for all age ranges were predicted by the logistic model as well as by the two-stage linear and the sum of decaying exponentials models (i.e. P 1 error scores demonstrate no significant under estimates or over estimates (ANOVA P= 0.05). The power law model produced inaccurate estimates of P 1 for younger infants. Specifically, simple exponential curves underestimate P 1 for infants under three months and overestimate P 1 for infants 3, 4 and 5 months of age for all check sizes (ANOVA PB 0.001). The best fitting power law curves are too flat or 'round off' the transition between the rapid and slow phases of maturation at around 3 months of age.
Goodness of fit was further evaluated by comparing the absolute values of the P 1 error scores for all models (repeat measures ANOVA). The power law curves gave significantly larger absolute error scores (Fisher's PLSD, PB0.001) than any of the other models. The logistic curves give the best overall description of the data with lower P 1 error scores than all other models (Fisher's PLSD, PB 0.04). To further evaluate the quality of fit for all models, 95% confidence intervals (normal ranges) were calculated and compared for each individual check size. The power law curve again gave significantly wider confidence intervals than all other models (repeat measures ANOVA, Fisher's PLSD, PB 0.001). Thus, the power law curve gives a poorer overall fit for the entire age range in addition to producing systematic inaccuracies for P 1 within the younger age groups. This model will not be considered further.
Comparison with other published data
The advantages of the logistic model calculated from our data become clearer when this model is applied to data from other laboratories. P 1 values are shown overlaid with the logistic, linear and decaying exponential curves for 120 min checks in Fig. 3 . Extrapolation of the logistic model produces better agreement with the P 1 reported for very young and premature infants while extrapolation of either of the other models produces radical overestimation. Fig. 4 displays P 1 data for small checks; 12 and 15 min checks reported by Moskowitz and Sokol (1983) and for 27 min checks reported by Birch et al. (1990) for infants born prematurely. These also show good agreement with the logistic curves calculated to fit our data for 15 min checks.
Discussion
In clinical testing, VEPs are used to differentiate between normal and abnormal visual development. If a large normative data set is available, the method of interpolation is relatively unimportant. In practice, only a handful of laboratories have large sets of infant normative data encompassing several stimulus sizes. It is therefore very useful to have a robust interpolation method, which can be applied over the entire developmental age range. We have demonstrated that logistic curves are an appropriate description for all published normative data for PR-VEPs. They provide an elegant . Three models for maturation of P 1 for the 120 min check width, derived from term babies tested in our laboratory are shown and extrapolated for comparison with data for premature infants. The three curves, the logistic, the sum of two decaying exponentials and two linear regression lines were calculated for infants aged 3-105 weeks (McCulloch & Skarf, 1991) . Comparison data for Harding et al. (1989) are shown with a closed symbols for the first visit of each premature infant and open symbols for subsequent visits (these visits are not differentiated in Fig.  1 ). The P 1 data of Birch et al. (1990) for 107 min checks is the mean for 17 healthy preterm infants tested at 36 weeks gestation and again at 17 weeks corrected age. Error bars show standard deviation. Fig. 4 . Data obtained from other laboratories are superimposed on the logistic curve derived from our data for the 15 min check size. Moskowitz and Sokol (1983) presented either 15 or 12 min checks. Birch et al. (1990) presented 27 min checks. Error bars show standard deviation.
description of P 1 maturation for different check sizes using only four parameters to specify curves for the entire period ofmaturation.TheparameterM trans isinvariantwithcheck size indicating that all maturation curves are similar in shape. The transition age (A trans ) is later for small checks. The adult P 100 values (P ) vary inversely with check size so that values for intermediate check sizes can be interpolated. Although the logistic curves demonstrate general agreement with published normative data for neonates and premature infants, it should be stressed that the present curves were calculated using data from infants 3 weeks of age or older. Thus, there is considerable uncertainty in specifying the pre-birth asymptote (P 0 ). However, for infants over 3 weeks of age, normal P 1 peak times should fall within the confidence intervals of 9 20 msfromthe2curves.Noformaldefinitionofnormalranges for very young or premature infants can be suggested from the present study. Using the two-stage linear model, we have demonstrated that linear interpolation is also very suitable for young infants between 3 and 12 weeks of age and for infants from 15 weeks to at least 2 years. Linear interpolation is very convenient in clinical settings if used appropriately. However, gross errors would be introduced if an attempt was made to span these two age ranges using linear interpolation!
The logistic curve provides a parsimonious description of P 1 maturation. Although power law curves have been usedpreviouslytodescribematurationofP 1 ,theseproduce systematic inaccuracies for young infants. Other models for interpolation of P 1 require the fitting of different curves at different ages. Although future physiological studies may provide a more detailed picture of the processes underlying maturation of the PR-VEP, the logistic model provides a practical approach which could be used in other laboratories where normative data bases for infant VEPs are unavailable or incomplete.
